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Int roducti on Indium phosphide (InP) is an attractive material for the fabrication of metal-insulator-semiconductor (MIS) field-effect transistor (FET) because of its large saturated drift velocity for electrons and the favorable conditions present at its oxide-semiconductor interface. While efforts to construct
MISFETs on gallium arsenide were unsuccessful due to the large interface state density on this material [ I ,2 ] , progress has been much more rapid in the case of InP. Interface state densities between deposited layers of silicon dioxide (Si0 2 ) and InP have been calculated to be as low as 2 x 1011 cm-2 eV -1 based on capacitance-voltage measurements on MIS diodes [3 , 4 , 5] . A type of MISFET which has been labeled the accumulation-type device has been realized on InPO ] .
Construction of this device begins with the formation of two heavily doped
(n+) ohmic contacts for the source and drain regions on a wafer of semi--insulating (SI) InP. The wafer is then coated with a thin insulating layer, overlapping gate electrodes are evaporated on top of the insulator and windows are etched through the insulator for connection to the source-drain electrodes. A cross-sectional view of the device is shown in Fig. 1 . This device was origi.lally propoied ind fabricated oecause zfhe reduced capacitance between the conducting channel and the substrate was expected to lead to a better high frequency response than similar devices constructed on p-type substrate material. Indeed, this was found to be the case.
A remaining problem to be solved before the device is perfected is a 
that although they give substantially correct mathematical expressions for the current drift they have errors in their formulation. This is further discussed in the paper.
A first order model for the I-V behavior of the accumulation-type transistor based on the gradual channel approximation has been formulated by
Wieder [ 1 2 ] . His model assumed that the substrate (the SI InP) could be treated as an ideal insulator.
In this paper I present calculations for the time-dependent behavior of the accumulation-type transistor which take into account the fact that the conducting channel of the device is on the surface of a semiconductor which contains both shallow donors (due to native defects) and deep acceptors (introduced by iron doping). The time dependence of the device is calculated by assuming that the capture and emission of electrons by the bulk impurity states is governed by a Shockley-Read type of recombination process.
Poisson's equation has been solved numerically to obtain the time development.
Background
The key features which must be explained by any proposed model for drift of the channel current in the accumulation-type transistor are illustrated in :[71 data published by Lile, et al. 7 ) which are reproduced in Fig. 2 . The channel ,'_ current decays linearly as a function of the logarithm of time and the capture process "freezes out" at low temperature. Clearly a tunneling process as decribed by Heinan and Warfield [ 1 3 ] cannot explain such data since there would be no temperature dependence if electrons were to tunnel from conduction band states to oxide trap levels at the saine energy.
One of the proposed models for explaining the current drift in the accumulation-type transistor as presented by Goodnick, et al.r 9 3 is attractive because it is based on physical evidence that the interface of InP coated with deposited SiO 2 consists of multiple layers as shown in Fig. 3a 
where n. is the electron concentration at the interface, ntr is the density of filled traps, vis the average thermal velocity of the electrons and Ntr is " the total trap density. The quantity nl, is given by the equation
where N c is the effective density of states for the conduction band, k is Boltzmann's constant, T is the absolute temperature, and Ecs and E(x) are energies defined in Fig. 4 
and Mtr -tr E(x)/kT n ..
(6) ntr
analagous to the equation for the ratio of ionized donors to unionized donors for an impurity state in a semiconductor [1 71 , one is forced to choose Eq. (2) to represent n I in order to satisfy the detailed balance requirement. The tunneling current is modeled by assumilg that the charge flow into the oxide traps can be accounted for by a capture cross section which is an exponential function of distance into the oxide, i.e.
where 11a represents a tunneling length. In this picture the probability that an electron at the surface will tunnel into an oxide trap is represented by the product of the electron density at the surface, the thermal velocity, the number of empty traps at distance x into the oxide, and the distance-ependent DeGraaff gives no temperature dependence to the tunneling current.
K.
The modification to this model as proposed by Okamura and Kobayashi includes a trap level in the oxide which is placed above the conduction band of the InP by an energy (E s(2) -E cs).
They reasoned that only the more energetic conduction band electrons would be able to be captured by these traps and that the capture rate would be reduced by a factor Yamaguchi, et al. [11] have calculated the tunneling current into the oxide using a model similar to the original Koelmans and DeGraff model.
Although they employ a different calculation scheme, their modal like the
Koelmans and DeGrafF model contains no element for predicting the experimentally observed temperature dependence of the drift current.
Given the problems that have been encountered in devising a model which simultaneously gives the correct time and temperature of the drift current in the accumulation-type transistor when the charge trapping mechanism is placed in the insulator, it is interesting to consider an alternate approach which places the charge trapping mechanism in the semiconductor. How do we know that the charge is being trapped in the insulator? The answer is that we don't. The extant published data do riot rule oit the possibility that T.e charge trapping may occur in the semic)nductor. The next point to consider is that the accumulation-type device has as its basis an electric field induced g EaF
the electron density will be given by n=N,(E c -EF)/kT (14) and the hole density will be given by . 
Theory
The first step in the formulation of this model is the assumption that n + ohmic contacts are present on the surface of the semiconductor and that the gate electrode partially overlaps these contacts. This is the typical state of affairs for the accumulation-type MISFET. This assumption is essential from a physical standpoint because the n+ contact provides for easy transfer of electrons in and out of conduction band states and is essential for the formulation of the rrdel because' it permits th_? electron density to be described by an equilibrium Fermi level. The generation recombination processes were assumed to be characterized by the Shockley-Read rate equations [16] .
dld(x)
and dN a(x) The E vs *s curves at t = 0 + and t were calculated for specific donor and acceptor impurity densities. The intersection of these curves with a particular curve of constant Vg as formulated by Eq. 21 represents a particular solution. The area between the E vs * curves at t = 0+ and t = represents the field of possible solutions for the time dependent pr',blem.
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The decrease in the conducting channel carrier density can be obtained by noting the solution for * as indicated in Figs. 6 and 7. At t = G + the total charge due to conduction band electrons is given to a good approximation by
At t = the mobile electron charge can be obtained by numerically integrating 
where d@ /dx is given by Eq. 22 and * is obtained from from Figs. 6 or 7.
Although Fig. 6 seemingly indicates that the solutions differ very little for -large V., this is not quite the case. The solutions for s do differ by a small amount but since the mobile electron density depends exponentially :-on *s' the difference in electron density can be large. The reduction in channel current for a range of acceptor concentrations is indicated in Fig. 8 .
It is instructive to consider calculated plots of the surface potential and electric field in Fig. 9 as a function of distance into the crystal. An unobvious point is that the electric field penetrates an extremely large distance (w 2mm) into the material when the gate voltage is initially applied. This is due to the fact that initially only a small fraction of the acceptors are ionized and there are few charged centers for the electric field lines to terminate on. If a small geometry FET were being considered, the entire surrounding area of the FET would be affected by th field. Onl' after the deep acceptor levels near the surface have filled with electrons does the accumulation layer width shrink to device dimensions. The calculations presented here being one-dimensional in nature do not take into account such two dimensional geometry effects since the InP crystal has been assumed to be semi-infinite.
Solution of the time dependence of this problem begins by evaluating Eq.
22 at 4 i's' inserting this into Eq. 21 and solving the result iteratively The carrier density at t = 0 + is then obtained by inserting Eq. 29 into
The above equations were used to solve for the values of *(x) and n(x) on an array of points x i with a variable spacing selected with the algorithm Given initial values for n(x), Ndi(x) and Nai(x), the time development of the trapped charge was approximated by using Eqs. 183 and 19 to obtain
With these new values of ionized impurity density Poisson's equation 
dx
In the solution of Eq. 32 for a new value of time, say t = t + St, the first trial value of 4s(t + 6t) was set to is(t). This value of * was used in Eq. 20 to solve for the trial value of Es(t + 6t). These starting values of and E s were used in the Runge-Kutta procedure to solve for (x,t + 6t) and E(x,t + 6t) from the surface inwards. If *(x,t + 6t) and E(x,t 6t) reached zero simultaneously then s and E s represent a solution. If *(x,t + 6t) reached zero before E(x,t + 6t), then s was too small and if E(x,t + St)
reached zero before (x,t + 6t) then 's was too large. A new value of 0 was chosen that was known to lie between values of s that had been calculated to which is mathematically equivalent to a statement that all that is required for an electron and a neutral acceptor to recombine is that they be in * - sufficiently close proximity to each other.
A model for nonradiative transitions in a crystal which can perhaps explain the observed behavior on SI InP was first proposed by Huang and Rhys[ 2 2 ] and expanded on by Kubo and Toyozawa [ 2 3 ] and by Rickayzen [ 24 1 . In this model it is assumed that the capture of an electron by a deep level impurity is accompanied by a local relaxation of the crystal lattice. In Fig.   11 the upper curve represents the total potential energy of the lattice plus free electron as a function of a generalized lattice coordinate Q. The curve represents schematically a hyper surfa-ce in 4-space. The lower curve represents the total potential energy of the lattice plus that of a trapped electron. The minima of the two curves are displaced due to the lattice relaxation which occurs when the electron is trapped. There are two processes by which an electron can transfer from the free to the trapped state.
Classically it can undergo a transition if the lattice vibrations are large enough to cause the energy to cross point C on the upper curve. Since the system could be in either state and have the same value of energy and lattice coordinate there is finite probability that the electron will transfer from the free to the bound state. The activation energy for this process will be E 0 . At low temperature when the transition probability via this path becomes small, the relative probability of direct tunneling from state Q" to A' and *-the subsequent emission of one or more phonons becomes larger. At T = 0 the optical transition energy would be E 0 . The thermal activation energy for transition from the bound to free state is indicated by E 1 . The applicability of this model for interpreting measurements on GaAs and GaSb has been discussed by Henry and Lang [ r -5 .
Seemingly an immediat consequence of proposing this model for the electron trap is that one is forced to abandon the concept that the principle of detailed balance will determine the relationship between the capture and . --. .. .  ,, .--..-... ..-.. . , -.. .--..-.--. .-. -. .-., . .-.,  .  -,. ..-.-. .. , .. . -..' ' -. .-" emission rates at steady state with no electric field applied. I hesitate to where the functional form of the emission rate as proposed by Kubo [ 2 6 ] has ', been employed.
The calculation of the time dependence of the channel current for the *l accumulation MISFET was repeated using Eq. 35 for the dynamics of the electron *i capture by the deep acceptors and Eq. 17 for the capture dynamics of the shallow donors.
For comparison the data of Lile, et al. [ 7 1 are presented with the results as calculated above in Fig. 12 . The essential features of the *i datd seem to be adequately represented by this model.
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The 300K current drift behavior of the accumulation MISFET was calculated using the above model for a series of different deep acceptor concentrations as shown in Fig. 13 . As can be observed from this figure the maximum permissible acceptor concentration for current drift which does not exceed 5% of the initial current value is about 2x1O 1 5 cm -3 .
Conclusion
The crucial question which can only be answered by further experimental to 104 sec will the effect be important to circuit designers. In the present calculations the capture cross section has been treated as a curve fitting parameter -no independent measurements of captcre cross sections for these deep levels are available. It is clearly important to obtain such data. The values of the impurity capture cross sections used in these calculations are considerably smaller than those quoted by Henry and Lang [ 2 5] for GaAs and
GaSb. Until we have such data for InP, it will be difficult to determine if MISFET on InP, after Lile, et al. [ 7 ] Channel length 4 Pm, . 
